Objectives: The aim of this study was to compare the outcomes of pancreatic transplantation from pediatric donors younger than 15 years of age to the outcomes of pancreatic transplantation from adult donors. Methods: Sixty patients underwent pancreatic transplantation in our facility from August 2012 to June 2019. These patients were divided into two groups according to the age of the donor: Cases in which the donor was younger than 15 years of age were classified into the PD group (n = 7), while those in which the donor was older than 15 years of age were classified into the AD group (n = 53). The outcomes of pancreas transplantation were retrospectively compared between the two groups. Results: Pancreatic graft survival did not differ between the PD and AD groups. Furthermore, there were no differences in the HbA1c and serum creatinine levels at three months, with good values maintained in both groups. The results of oral glucose tolerance tests (OGTTs) revealed that the blood glucose concentration did not differ between the two groups. However, the serum insulin concentration at 30 min after 75 g glucose loading was significantly higher in the PD group. Conclusion: The outcomes of pancreatic transplantation from pediatric donors may be comparable to those of pancreatic transplantation from adult donors and the insulin secretion ability after transplantation may be better.
Introduction
Since the revision of the organ transplantation law, pancreas transplantation from brain-dead donors has increased and 30-40 pancreas transplants are performed annually [1] . At the same time, organ donation from children under 15 years of age is also increasing. Among the 358 pancreas transplants performed in Japan by the end of 2018, 13 involved transplants from pediatric donors of <15 years of age. Seven of these procedures were performed in our facility.
Regarding pancreatic transplantation from small child donors, the following questions remain. Does the difficulty of vascular anastomosis increase and do such donors influence pancreatic graft survival due to associated postoperative complications, such as thrombosis? In addition, since the pancreatic graft volume is small, does size mismatch with adult recipients sometimes result in insufficient insulin secretion?
In the United States, en bloc grafting, including dual kidney and pancreatic grafts, has been successfully utilized for simultaneous pancreas and kidney transplantation from small pediatric donors [2] [3] [4] . However, the utilization of dual kidneys should be limited to cases involving very small donors because of a severe donor shortage in Japan and the difficultly associated with the use of en bloc grafts, including the pancreas and the use of the donor's aorta for arterial anastomosis from the viewpoint of blood vessel sharing with liver transplantation.
In this study, we compared the outcomes of pancreatic transplantation from pediatric donors of less than 15 years of age to the outcomes of pancreatic transplantation from adult donors and clarified the usefulness of these procedures. All patients were treated in our facility.
Patients and Methods

Patients
All pancreatic transplant cases in Japan are registered in the Japan Organ Transplant Network. Patients waiting for transplantation are selected according to the following conditions, regardless of whether the cases involve pediatric or adult donors. Blood type compatibility and negativity on a direct crossmatch test are prerequisites for recipient selection. Priority for recipient selection is determined as follows: 1. The order of the recipients is arranged based on the number of HLA mismatches, with priority given to cases involving smaller numbers of HLA mismatches. 2. Cases are then prioritized in the order of simultaneous pancreas-kidney transplant (SPK), pancreas transplantation after kidney transplantation (PAK), pancreas transplantation alone (PTA). 3. Priority is given according to the length of the waiting period, with priority given to cases involving a longer waiting period. 4 . Cases are prioritized in ascending order according to the estimated transport time, with priority given to cases with a shorter estimated transport time.
The criteria for accepting pediatric donor pancreas transplant in our facility were as follows: No history of diabetes, HbA1c ≤ 6.2%, and well-controlled blood glucose during ICU stay. In the case of SPK, the following conditions were also required: A normal serum creatinine level on admission or after sufficient fluid replacement and bodyweight ≥15 kg.
The Study Design
Sixty cases, in which pancreatic transplantation from brain-dead donors were performed at Fujita Medical University from August 2012 to June 2019, were divided into two groups according to the age of the donors. Cases involving donors of <15 years of age were classified into the pediatric donor group (PD group; n = 7), while those involving donors of >15 years of age were classified into the adult donor group (AD group; n = 53). The outcomes of pancreas transplantation were compared retrospectively.
The following items were compared as donor background factors: Age, sex, body weight, body mass index (BMI), cause of death, HbA1c, blood glucose, serum creatinine, LDH, Na, CRP, pancreatic graft weight, and total ischemic time of both the pancreas and kidney grafts. Pancreatic graft survival, as defined by a basal CPR level of >0.3 ng/mL, the insulin free rate at three months post-transplantation, the time course of the HbA1c and serum creatinine levels, and the 75 g-OGTT and glucagon tolerance test results at one month post-transplantation in the cases of graft survival were compared between the two groups as the outcomes of pancreatic transplantation.
Transplantation Methods and Immunosuppression Protocols
The transplantation methods applied in the PD group included SPK (n = 6) and PTA (n = 1). The transplantation methods applied in the AD group included SPK (n = 44), PAK (n = 7), and PTA (n = 2). All cases involved brain-dead donors. In all cases in which SPK was performed, it was performed with a single kidney graft. Both pancreatic and kidney grafts were transplanted from the same donor in all cases involving SPK recipients. Although blood vessel sharing is determined in consultation with the liver transplant team, most arterial reconstruction was anastomosed between a Carrel patch that included the roots of the celiac artery (CEA) and superior mesenteric artery (SMA) with the external iliac artery. In some cases, Y-graft anastomosis was required to anastomose the sphenopalatine artery (SPA) and SMA. The portal vein was extended as needed. Intestinal drainage was performed in all cases. In all cases involving pediatric or adult donors, vascular anastomosis for pancreatic transplantation was performed by the same surgeon, who was trained in microvascular techniques.
For induction therapy, basiliximab (20 mg/body) was administered on day 0 and 4 to all patients who underwent SPK, while anti-thymocyte globulin (1.5 mg/kg) was administered from day 0 to 4 to all patients who underwent either PAK or PTA. In all cases, tacrolimus (0.15 mg/kg [adjust to trough level: 3-8 ng/mL]), mycophenolate mofetil (1500 mg/body), and prednisolone (5 mg/body) were administered to maintain immunosuppression. During the perioperative period and the follow-up period after transplantation, all pancreatic transplantation recipients in both the PD and AD groups were managed by the same surgical team.
Statistical Analyses
All statistical analyses were performed using the EZR software program (freely distributed from the homepage of Saitama Medical Center Jichi Medical University), which extends the functionality of R and R commander [5] . The categorical variables were analyzed with an x 2 test, the continuous variables were analyzed using the Mann-Whitney U-test. Kaplan-Meier curves and a log-rank test were used to analyze graft survival. p values of <0.05 were considered to indicate statistical significance.
Ethical Aspects
Before registration, all subjects gave their informed consent to the secretariat of islet transplants in Japan and information on the opt-out procedure was published on the Fujita Health University website (https://www.fujita-hu.ac.jp/). The study was conducted in accordance with the Declaration of Helsinki and the protocol was approved by the Ethics Committee of Fujita Health University (HM19-140).
Results
Background Factors and the Outcomes of Transplantation from Pediatric Donors
The backgrounds of the pediatric donors are summarized in Table 1 . The youngest donor was 4 years of age, while the oldest was 11 years of age. The minimum weight was 18.5 kg. The pancreatic graft weight was 61-114 g. The donor's HbA1c levels ranged from 4.7 to 5.5% and were within the normal range in all cases. The serum creatinine level was slightly high in Case 4 (0.82 mg/dl) but was normal in all other cases. The backgrounds of the recipients and the results of transplantation are summarized in Table 2 . PTA was performed in Case 2. In all other cases, simultaneous pancreas and kidney transplantation was performed. As arterial reconstruction, Cases 1 and 2 required Y-graft anastomosis. Carrel patches, which consisted of the celiac artery and superior mesenteric artery, were used in all other cases. Cases 1 and 2 also required portal vein prolongation. In Case 3, although no stenosis was found at the sites of portal vein anastomosis, blood flow stagnation between the splenic vein and the pancreatic graft was observed after reperfusion, and additional vein bypass was created by the placement of a vein graft between the splenic vein of the graft and the external iliac vein of the recipient.
In all cases, insulin withdrawal was achieved immediately after transplantation. In all cases of simultaneous pancreas and kidney transplantation, hemodialysis withdrawal was also achieved. However, acute rejection was observed in Cases 2 and 5. Despite treatment for rejection, Case 2 had a CPR level of <0.3 ng/mL at six months post-transplantation, leading to pancreatic graft loss. In all other cases, a good pancreatic and renal graft function was maintained. Table 3 compares the backgrounds of the donors and recipients for the pediatric donor (PD) and adult donor (AD) groups. The donor body weight and body mass index (BMI) were significantly lower and the ICU stay was longer in the PD group. Laboratory analyses before procurement surgery revealed that the HbA1c, blood glucose, serum creatinine, and serum C-peptide (CRP) levels were significantly lower and the LDH level was significantly higher in the PD group. There were no differences in terms of the total ischemic time and the number of HLA-mismatches. However, the pancreatic graft weight was significantly lower in the PD group. On the other hand, while the median HbA1c levels of the recipients were significantly higher before transplantation in the PD group, no differences in other background factors were observed between the two groups.
Background Factors of the Pediatric Donor and Adult Donor Groups
Pancreatic Graft Survival
Only one patient in the PD group experienced pancreatic graft loss due to rejection at six months post-transplantation, while in other cases, the graft function was well-maintained. On the other hand, 12 cases of pancreatic graft losses were experienced in the AD groups, including 10 cases of SPK and 2 cases of PTA. The causes of pancreatic graft loss in the AD groups were death with a functioning graft (n = 5 [myocardial infarction, n = 2; malignant neoplasm, n = 1; death due to accident, n = 1; multiple organ failure, n = 1), thrombosis (n = 4), rejection (n = 2), and other reasons (n = 1). In comparison to the AD group, there were no differences between the two groups in overall pancreatic graft survival (Figure 1a ) or death-censored pancreatic graft survival (Figure 1b) . With regard to the perioperative surgical complications, no cases of graft loss due to thrombosis were experienced in the pediatric donor group, while graft loss due to thrombosis occurred in 4 out of 53 cases (7.5%) in the adult donor group. Furthermore, perforation of the graft duodenum, which necessitated reoperation was observed in 4 of the 53 cases (7.5%) in the adult donor group, while there were no cases of perforation of the graft duodenum in the pediatric donor group. The insulin free rate at three months after transplantation is shown in the Figure 2 . Two cases in the AD group required insulin for glycemic control despite CPR positivity, while all recipients in the PD group achieved an insulin free status. The insulin free rate at three months after transplantation is shown in the Figure 2 . Two cases in the AD group required insulin for glycemic control despite CPR positivity, while all recipients in the PD group achieved an insulin free status. The time courses of the median HbA1c (Figure 3a ) and serum creatinine level (Figure 3b ) in the PD and AD groups are shown in Figure 3 . The median preoperative HbA1c of recipients in the PD group was significantly higher than that in the AD group (PD group = 8.1% vs. AD group = 6.9, p = 0.043). Thus, the median HbA1c at one month post-transplantation was significantly higher in the PD group (PD group = 6.1 vs. AD group = 5.45, p = 0.008). However, there were no differences between the two groups after three months (PD group = 5.1 vs. AD group = 5.0, p = 0.874), with good values maintained in both groups.
No difference in the time course of the median serum creatinine level was observed between the two groups of patients who underwent simultaneous pancreas and kidney transplantation, and all patients maintained a good renal graft function. The time courses of the median HbA1c (Figure 3a ) and serum creatinine level (Figure 3b ) in the PD and AD groups are shown in Figure 3 . The median preoperative HbA1c of recipients in the PD group was significantly higher than that in the AD group (PD group = 8.1% vs. AD group = 6.9, p = 0.043). Thus, the median HbA1c at one month post-transplantation was significantly higher in the PD group (PD group = 6.1 vs. AD group = 5.45, p = 0.008). However, there were no differences between the two groups after three months (PD group = 5.1 vs. AD group = 5.0, p = 0.874), with good values maintained in both groups.
(a)
No difference in the time course of the median serum creatinine level was observed between the two groups of patients who underwent simultaneous pancreas and kidney transplantation, and all patients maintained a good renal graft function. The median preoperative HbA1c level of the recipients in the PD group was significantly higher than that in the AD group. The median HbA1c at one month post-transplantation was significantly higher in the PD group. However, there were no differences between the two groups after three months, with good values maintained in both groups. There were no differences between the two groups in the time course of the median serum creatinine level in cases in which simultaneous pancreas and kidney transplantation was performed, and a good renal graft function was maintained in all cases.
The OGTT and Glucagon Stimulation Test Results at One Month after Transplantation
A 75 g oral glucose tolerance test (OGTT) (Figure 4 ) and glucagon stimulation test ( Figure 5 ) were performed at one month after transplantation. Regarding the OGTT results, changes in the blood glucose concentration (Figure 4a ) and the area under the curve (AUC) (Figure 4b ) did not differ between the two groups. However, the serum insulin concentration at 30 min after 75 g glucose loading was significantly higher in the PD group (Figure 4c ) (PD group = 82.8μU/mL vs. AD group = 34.3 p = 0.024). As a result, although the difference was not statistically significant, the AUC for insulin tended to be higher in the PD group (Figure 4d ) (PD group = 195.3μU/mL vs. AD group = 148.9 p = 0.0577). The median preoperative HbA1c level of the recipients in the PD group was significantly higher than that in the AD group. The median HbA1c at one month post-transplantation was significantly higher in the PD group. However, there were no differences between the two groups after three months, with good values maintained in both groups. There were no differences between the two groups in the time course of the median serum creatinine level in cases in which simultaneous pancreas and kidney transplantation was performed, and a good renal graft function was maintained in all cases.
(a)
The OGTT and Glucagon Stimulation Test Results at One Month after Transplantation
A 75 g oral glucose tolerance test (OGTT) (Figure 4 ) and glucagon stimulation test ( Figure 5 ) were performed at one month after transplantation. Regarding the OGTT results, changes in the blood glucose concentration (Figure 4a ) and the area under the curve (AUC) (Figure 4b ) did not differ between the two groups. However, the serum insulin concentration at 30 min after 75 g glucose loading was significantly higher in the PD group (Figure 4c ) (PD group = 82.8µU/mL vs. AD group = 34.3 p = 0.024). As a result, although the difference was not statistically significant, the AUC for insulin tended to be higher in the PD group (Figure 4d ) (PD group = 195.3µU/mL vs. AD group = 148.9 p = 0.0577). The median preoperative HbA1c level of the recipients in the PD group was significantly higher than that in the AD group. The median HbA1c at one month post-transplantation was significantly higher in the PD group. However, there were no differences between the two groups after three months, with good values maintained in both groups. There were no differences between the two groups in the time course of the median serum creatinine level in cases in which simultaneous pancreas and kidney transplantation was performed, and a good renal graft function was maintained in all cases.
(b)
The OGTT and Glucagon Stimulation Test Results at One Month after Transplantation
A 75 g oral glucose tolerance test (OGTT) (Figure 4 ) and glucagon stimulation test ( Figure 5 ) were performed at one month after transplantation. Regarding the OGTT results, changes in the blood glucose concentration (Figure 4a ) and the area under the curve (AUC) (Figure 4b ) did not differ between the two groups. However, the serum insulin concentration at 30 min after 75 g glucose loading was significantly higher in the PD group (Figure 4c ) (PD group = 82.8μU/mL vs. AD group = 34.3 p = 0.024). As a result, although the difference was not statistically significant, the AUC for insulin tended to be higher in the PD group (Figure 4d ) (PD group = 195.3μU/mL vs. AD group = 148.9 p = 0.0577). The changes in blood glucose concentration (a) and the area under the curve (AUC) (b) did not differ between the two groups. However, the change in the serum insulin concentration (c) at 30 min after 75 g glucose loading was significantly higher in the PD group. As a result, although there was no significant difference, the AUC for insulin (d) tended to be higher in the PD group. The changes in blood glucose concentration (a) and the area under the curve (AUC) (b) did not differ between the two groups. However, the change in the serum insulin concentration (c) at 30 min after 75 g glucose loading was significantly higher in the PD group. As a result, although there was no significant difference, the AUC for insulin (d) tended to be higher in the PD group.
(a)
(a) (b) Figure 5 . The glucagon stimulation test results at one month after transplantation. The glucagon stimulation test at one month post-transplantation showed that there was no significant difference between the two groups before or after glucagon loading (a) and the ΔCPR did not differ to a statistically significant extent (b).
On the other hand, in the glucagon stimulation test, no significant differences were observed between the two groups before or after glucagon loading (Figure 5a ), or in the ΔCPR (Figure 5b ) (PD group = 2.66 ng/mL vs. AD group = 2.43 p = 0.374).
Discussion
In the United States, pancreas transplantation from pediatric donors has been performed since the 1980s, and its usefulness has been reported. Nghiem DD et al. [6] reported seven cases of pancreatic transplantation from pediatric donors of 3-11 years of age. In these cases, the rates of thrombosis and early graft loss were 14% and 28%, respectively, while the rates in cases involving adult donors were 17.6% and 11.7%, respectively. They also indicated that the OGTT results at three months post-transplantation were similar to those of adult donors, but that the serum glucose level at 30 min after glucose loading was significantly higher in the pediatric group, despite the patients showing higher insulin secretion. These findings were somewhat different from the results that we experienced in procedures involving pediatric donors, as our patients showed better insulin secretion.
Since that time, there have been reports on pancreatic transplantation from pediatric donors from several institutions [2] [3] [4] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , and the results were comparable to those of adult donors. The Figure 5 . The glucagon stimulation test results at one month after transplantation. The glucagon stimulation test at one month post-transplantation showed that there was no significant difference between the two groups before or after glucagon loading (a) and the ∆CPR did not differ to a statistically significant extent (b).
On the other hand, in the glucagon stimulation test, no significant differences were observed between the two groups before or after glucagon loading (Figure 5a ), or in the ∆CPR (Figure 5b ) (PD group = 2.66 ng/mL vs. AD group = 2.43 p = 0.374).
Since that time, there have been reports on pancreatic transplantation from pediatric donors from several institutions [2] [3] [4] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , and the results were comparable to those of adult donors. The youngest reported case (reported by Sageshima et al. [3] ) involved a pediatric donor of 14 months of age; while the lowest donor body weight (reported by Nghiem et al. [6] ) was 8.2 kg. Once the blood flow of the transplanted pancreatic graft can be secured, the smallness of the pancreas is unlikely to be a problem. The reason why there were no episodes of thrombosis or perforation of the graft duodenum in the PD group in our study, despite the difficulty of vascular anastomosis, was the relatively better tissue perfusion in the early period after transplantation. Aida et al. [23] . reported that early perioperative graft pancreatic tissue perfusion, as assessed by contrast-enhanced ultrasonography, tended to be better in younger donors. Better tissue perfusion is considered to be associated with faster the blood flow velocity in the splenic vein and portal vein in the pancreatic graft, and this is thought to reduce the risk of thrombus and to guarantee the blood flow of the graft duodenum.
One potential factor was the size of the anastomosed vessels and the distribution of kidney grafts, as 80% of pancreas transplants involve simultaneous pancreas and kidney transplantation. In the United States, Pelletier et al. [10] . and Kayler et al. [24, 25] . reported that the outcomes of kidney transplantation from single kidney grafts from donors of <21 kg were significantly poor based on the Scientific Registry of Transplant Recipients (SRTR) data. Based on these results, a transplantation method using an en bloc graft including the bilateral kidneys and the pancreas was adopted in cases involving very small donors (e.g., donors of <21 kg). This en bloc graft also makes both arterial and vein anastomosis easier, as both the aorta and inferior vena cava are used as anastomotic orifices, which avoids narrow anastomosis.
The relatively small number of cases was one limitation of the present study. However, in Japan, even the number of cases of single kidney transplantation from brain-dead donors is limited, and it is unclear-as it is in the United States-whether the performance of single kidney transplantation from donors of ≤21 kg is associated with poor outcomes. In Japan, recipients are expected to weigh less than those in the United States. Thus, it is likely that the outcomes of single kidney transplantation from smaller pediatric donors would be better. Single kidney transplantation from small donors should be considered from the viewpoint of the donor shortage in Japan. However, a donor weight of ≥15 kg was required for SPK based on the consideration that single kidney transplantation from a donor of <15 kg would not provide a sufficient function for adult SPK recipients. Thus, dual kidney transplantation might be necessary. From this viewpoint, we consider that for kidney donation from a donor of <15 kg, priority should be given to age-matched pediatric kidney transplantation rather than adult SPK. The further accumulation of cases is expected in the future.
Conclusions
In conclusion, the outcomes of pancreatic transplantation from pediatric donors may be comparable to those pancreatic transplantation from adult donors, and the insulin secretion ability after transplantation may be better. The distribution of renal grafts remains a problem to be solved in the future, as >80% of pancreatic transplants involve simultaneous pancreas and kidney transplantation. It is necessary to properly consider the allocation according to the accumulation of kidney transplant results from pediatric donors and the numbers of donors in each country. Funding: The authors of this manuscript have not received any financial support for this study.
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